Background: Degenerative myelopathy (DM) is a progressive neurodegenerative disease frequently found in Pembroke Welsh Corgis (PWCs). Most DM-affected PWCs are homozygous for the mutant superoxide dismutase 1 (SOD1) allele; however, the genetic examination for the SOD1 mutation does not exclusively detect symptomatic dogs. In order to identify novel biomarkers, the plasma microRNA (miRNA) profiles of PWCs with DM were investigated. Results: Quantification of the plasma levels of 277 miRNAs by an RT-qPCR array identified 11 up-regulated miRNAs and 7 down-regulated miRNAs in DM-affected PWCs from those in wild-type SOD1 PWCs. A pathway analysis identified 3 miRNAs: miR-26b, miR-181a, and miR-196a, which potentially regulate several genes associated with SOD1. In order to validate the diagnostic accuracy of the candidate miRNAs in the aged PWC population, candidate miRNAs in plasma were measured by RT-qPCR and a receiver operating characteristic (ROC) curve analysis was performed. miR-26b had the largest area under the ROC curve for distinguishing DM PWCs from healthy PWCs (sensitivity, 66.7%; specificity, 87.0%). The plasma level of miR-26b was significantly higher in the DM group than in the healthy control group. A positive correlation was observed between increases in the plasma level of miR-26b and disease progression. Conclusions: These results suggest that plasma miR-26b is a potential novel diagnostic biomarker of DM.
Background
Canine degenerative myelopathy (DM) is an adult-onset progressive neurodegenerative spinal cord disorder that occurs in multiple dog breeds including Boxers, German Shepherds, and Pembroke Welsh Corgis (PWCs) [1, 2] . The clinical signs of DM are characterized by general proprioceptive ataxia and upper motor neuron spastic paresis of the pelvic limbs, which gradually progress to flaccid tetraplegia and brain stem signs. If dogs are not euthanized during the early stages and the disease is allowed to progress, affected dogs exhibit signs of respiratory muscle paralysis and ultimately die from respiratory failure approximately 3 years after disease onset [2, 3] . Previous studies identified two types of single nucleotide mutations (c.118G > A, c.52A > T) in DMaffected dogs that lead to alterations in a single amino acid of SOD1 (E40K and T18S, respectively) [4, 5] . Dogs with DM consistently display the aggregation of the mutant SOD1 protein in their spinal neurons [4, 6] . Although the pathomechanisms of DM have not yet been fully elucidated, it is hypothesized that neural degeneration in the DM spinal cord is caused by a gain of toxic function of mutant SOD1 because mutant SOD1 protein has been reported to retain full enzymatic activity [7, 8] . Based on similar clinical signs, neuropathological findings, and the involvement of the SOD1 mutation, DM is regarded as a naturally-occurring model of amyotrophic lateral sclerosis (ALS) [2, 5, 9] .
A definitive diagnosis of DM can only be reached by a post-mortem histopathological examination of the spinal cord [2] . A pre-mortem diagnosis is currently based on three steps: pattern recognition of the progression of clinical signs, genetic testing for the SOD1 mutation, and eliminating other diseases affecting the spinal cord [2, 10] . Although quantification of CSF and serum pNF-H concentration has been reported as a diagnostic tool for DM [11] , it is difficult to differentiate DM from other central and peripheral axonopathies based solely on the measurement of this particular biomarker. Although homozygosity for the E40K SOD1 mutation has been identified as a major risk factor for DM, many dogs homozygous for the mutation do not develop clinical signs [12, 13] . In addition, the clinical signs of DM may mimic other progressive spinal cord diseases, some of which may also co-exist with DM, thereby confounding a clinical diagnosis. The development of diagnostic biomarkers of DM is important in order to more accurately differentiate DM from other neurological diseases with a similar clinical presentation.
MicroRNAs (miRNAs) are small (18-25 nucleotides) non-coding RNAs that play important regulatory roles by targeting messenger RNAs (mRNAs) for cleavage or translational repression [14] . Due to their regulatory functions in different cellular processes including cell growth, differentiation, cell proliferation, and apoptosis, miRNAs act as key regulators of various biological functions in the nervous system, such as synaptic plasticity, neuronal differentiation, and neuroinflammation [15] . Since the expression of some miRNAs is specific to tissues or biological stages, changes in these miRNA concentrations in the central nervous system lead to the etiology and progression of neurodegenerative disorders [16, 17] . Some miRNAs are found in biological fluids such as blood, urine, and cerebrospinal fluid and are encapsulated in microvesicles as a relatively stable form [18] . Therefore, miRNAs have potential as novel diagnostic biomarkers and predictors of the prognosis and therapeutic effects of some neurodegenerative diseases, such as ALS [19] [20] [21] .
The aim of the present study was to identify potential candidates as diagnostic biomarkers of DM. We initially compared the plasma miRNA profile of dogs with DM with that of wild-type controls using a quantitative reverse transcription polymerase chain reaction (RT-qPCR) miRNA array to search for candidate diagnostic biomarkers of DM. We then evaluated the diagnostic accuracy of the selected miRNAs by RT-qPCR in an aged PWC population.
Methods

Clinical samples
In order to compare the plasma miRNA profile of dogs with DM with that of healthy controls, we included four DM-affected PWCs with homozygous SOD1 mutation (c.118G > A) and four wild-type PWCs. The diagnostic accuracy of the selected miRNAs was evaluated in 18 DMaffected PWCs and 46 healthy control PWCs. PWCs were diagnosed with DM at the Animal Medical Center of Gifu University according to the following criteria: clinical signs consistent with DM (adult onset, slow progression, and non-painful paraparesis progressing to tetraplegia) [2, 10] , unremarkable findings on spinal imaging with magnetic resonance imaging (MRI) (0.4-Tesla APERTO Eterna, Hitachi), cerebrospinal fluid (CSF) analyses, and genetic testing proving homozygosity for the SOD1 c.118G > A missense mutation (A/A) [12] . The disease stage was classified into four clinical stages as previously described [2, 10] . Briefly, the clinical characteristics of DM stages were as follows: Stage 1, general proprioceptive ataxia and upper motor neuron paraparesis; Stage 2, non-ambulatory paraparesis to paraplegia; Stage 3, lower motor neuron paraplegia to thoracic limb weakness; and Stage 4, lower motor neuron tetraplegia and brain stem signs. We obtained control blood samples from private veterinary clinics; these dogs were healthy PWCs that had visited hospitals for healthy checkup or vaccination and had no specific disease, were age-matched with DM-affected PWCs, and had various SOD1 genotypes: A/A homozygotes, A/G heterozygotes, and G/G homozygotes. In addition, five PWCs with intervertebral disc herniation (IVDH) were included as disease controls. These PWCs presented with the acute onset of paraparesis or neck pain and spinal cord compression by herniated intervertebral discs confirmed by MRI or computed tomography (Asteion Super 4; Toshiba, Tochigi, Japan) with myelography.
Sample preparation, miRNA extraction, and reverse transcription Blood samples were collected in disodium ethylenediaminetetraacetate tubes and centrifuged at 1500×g at 4°C for 20 min, after which plasma was separated and frozen at − 80°C. Total plasma RNA was extracted from 200 μL of plasma using an miRNeasy Serum/Plasma Kit (QIAGEN). In the RT-qPCR array, 6.3 × 10 8 copies of synthetic Caenorhabditis elegans mir-39 (miRNeasy Serum/Plasma Spike-In Control, QIAGEN) were added to each plasma sample in order to normalize and monitor extraction efficiency. Total RNA was reversetranscribed to complementary DNA (cDNA) using a miScript II RT Kit (QIAGEN) and thermal cycler system (TaKaRa Thermal Cycler Dice, Takara). All protocols were performed in accordance with the manufacturers' standard instructions.
PCR array
Generated cDNA was preamplified using an miScript PreAMP PCR Kit (QIAGEN) and the thermal cycler system under the following thermal conditions: an initial activation step at 95°C for 15 min, followed by 2 cycles of denaturation at 94°C for 30 s, annealing at 55°C for 60 s, extension at 70°C for 30 s, and then 10 cycles of denaturation at 94°C for 30 s and annealing/extension at 60°C for 3 min. PCR arrays were applied to screen candidate miRNAs by using an miScript SYBR Green PCR Kit (QIAGEN) and miScript miRNA PCR Array Dog miRNome (QIAGEN), which carry 277 probes to detect canine miRNAs and cel-miR-39-3p probes as a spike-in control. Fluorescent PCR products were detected using a real-time PCR detection system (TaKaRa Thermal Cycler Dice Real Time System TP800, Takara) under the following conditions: an initial denaturation step at 95°C for 15 min, followed by 40 cycles of denaturation at 95°C for 15 s, annealing at 55°C for 30 s, and extension at 70°C for 30 s. After assessing threshold cycle (Ct) values, the relative expression levels of miRNA were calculated by the ΔΔCt method using two controls, cel-miR-39-3p served as the spike-in control and miR-16 served as the normalization control [21, 22] . The criteria for upregulated miRNAs were set as a fold change of more than 2.0 and down-regulated miRNAs were set as a fold change of less than 0.5 with a statistical cut-off of P < 0.05 using the Mann-Whitney U-test.
Pathway analysis
The potential target genes of dysregulated miRNAs were identified using TargetScan database version 7.1 [23] . We collected the signaling pathways of SOD1 from the WikiPathway database [24] . We integrated and illustrated the pathway from dysregulated miRNA to SOD1 using a bioinformatics software platform (Cytoscape ver.3.4.0, National Resource for Network Biology). The miRNAs suggested to be associated with the pathogenesis of DM were selected as the candidate biomarkers.
Validation of candidate miRNAs
After we obtained cDNA from plasma samples, we quantified the plasma levels of candidate miRNAs in duplicate using the miScript SYBR Green PCR Kit under the same conditions described above. The primers (miScript Primer Assays, QIAGEN) for target miRNAs were miR-26b (catalogue number MS00030205), miR-181a (MS00029715), and miR-196a (MS00029918). The primers to normalize control miRNAs were miR-16 (MS00037373) and cel-miR-39-3p (MS00019789). The 2 -ΔCt method was used to calculate the relative quantities of candidate miRNAs.
Statistical analyses
Comparisons of two groups were performed by the Mann-Whitney U-test. Multiple group comparisons were assessed by the chi-squared test, Kruskal-Wallis test, and Steel-Dwass test. Spearman's correlation coefficient was used for comparisons and estimations of correlations between miRNA expression levels and age or the disease stage. The receiver operating characteristic (ROC) curve analysis with the area under the curve (AUC) was performed in order to assess the diagnostic accuracy of candidate miRNA levels and the cut-off value to diagnose DM. Optimal cut-off values were selected for each candidate miRNA based on the highest Youden index. The sensitivity and specificity of each miRNA were calculated based on the optimal cut-off value. A P value of less than 0.05 was considered to be significant. All statistical calculations were performed with statistical software (JMP ver.13.2.0, SAS Institute Japan Ltd.).
Results
Sample characteristics
The characteristics of all samples are shown in Table 1 . In miRNA microarray analyses, we included four DMaffected PWCs and four wild-type PWCs. In validation analyses, 18 DM-affected PWCs, 46 healthy control PWCs, and five IVDH PWCs as disease control were included. DM-affected PWCs and healthy control PWCs included PWCs whose plasma samples were used in microarray analysis but the miRNAs were re-extracted. At the time of sample collection, all DM-affected PWCs were diagnosed clinically. Three of four DM dogs in the miRNA microarray, except for one (DM 2), and seven of 18 DM dogs in the validation analysis were definitively diagnosed with DM by a histopathological examination during the study period. In the miRNA microarray, three dogs (DM 1-3) were classified as stage 4 and one (DM 4) as stage 3. In the validation analysis, we classified five dogs as stage 4, four dogs as stage 3, five dogs as stage 2, and four dogs as stage 1. There was no significant age bias among the three groups (P = 0.2523); however, the healthy control group had a significantly larger number of females than the DM and IVDH groups (P = 0.0007).
Comparison of plasma miRNA profiles between DM and wild-type PWCs
In order to detect dysregulated plasma miRNAs in DM PWCs, we performed an RT-qPCR array on DMaffected and wild-type PWCs. We excluded 64 miRNAs that showed a non-specific reaction by detecting nonexponential curves and 11 miRNAs that were undetectable in all samples; therefore, we quantified 202 out of 277 canine miRNAs in plasma levels using the RT-qPCR array (Additional file 1: Table S1 and Additional file 2:  Table S2 ). Among the remaining 201 miRNAs, excluding miR-16 as a normalization control, we detected 11 upregulated miRNAs and 7 down-regulated miRNAs in DM-affected PWCs relative to those in wild-type PWCs ( Fig. 1 and Table 2 ).
Pathway analysis
In order to estimate the relationship between the miRNAs detected and the pathogenesis of DM, we performed a pathway analysis. We initially searched for putative mRNA targets of the 18 dysregulated miRNAs by using the TargetScan database with context++ scores < −0.40, which is based on compensatory binding in the 3′ of miRNAs (Additional file 3: Table S3 ). We subsequently searched for genes that were potentially associated with the pathogenesis of DM based on previous studies and detected four signaling pathways: the Oxidative Stress pathway, TNF-alpha NF-kB Signaling Pathway, Apoptosis Modulation by HSP70, and Amyotrophic lateral sclerosis SOD1 -CHAMP28 MODEL [25] [26] [27] [28] . We then overlaid the above signaling pathways and dysregulated miRNA-mRNA interactions and constructed the miRNA pathway related to the pathogenesis of DM (Fig. 2) . According to the constructed pathway analysis, we selected three miRNAs: miR-26b, miR-181a, and miR-196a, as candidate diagnostic biomarkers of DM.
Validation analysis using RT-qPCR
Based on the evaluation of the diagnostic accuracy of the candidate miRNAs (Additional file 4: Table S4), the relative plasma levels of miR-26b were higher in the DM group than in the healthy control and IVDH groups. A significant difference was detected between the DM and healthy control groups. In contrast, the relative plasma levels of miR-181a and miR-196a were not significantly different between any groups (Fig. 3) . The plasma levels of each candidate miRNA did not correlate with age and there were no significant differences in gender. A ROC curve analysis revealed that miR-26b had the highest AUC value for discriminating DM-affected PWCs from healthy control PWCs (Fig. 4 and Table 3 ). Therefore, we selected miR-26b as a diagnostic biomarker of DM and set the cut-off value as 2 -ΔCt = 0.1996 based on the ROC curve analysis. At this cut-off value, the plasma level of miR-26b in the IVDH group did not exceed the threshold to diagnose DM.
Relationships between candidate miRNAs and the SOD1 allele or DM staging
The plasma level of miR-26b was significantly higher in the DM group than in healthy control PWCs carrying the A/A allele or A/G allele. On the other hand, no significant differences in the plasma levels of miR-181a and miR-196a were found between the DM group and healthy control PWCs carrying any SOD1 allele (Fig. 5a) . In order to evaluate whether the plasma level of miR26b correlated with DM staging, we performed a correlation analysis between the plasma level of candidate miRNAs and DM stages. A positive correlation was observed between increases in the plasma level of miR-26b and disease progression. No correlations were noted between DM staging and other candidate miRNAs (Fig. 5b) .
Discussion
In recent years, bioinformatics studies on the human genome have predicted circulating miRNAs as diagnostic biomarkers of neurodegenerative diseases, such as Alzheimer's disease [29] , Parkinson's disease [30] , and ALS [19, 21] . However, the majority of canine miRNA biomarker discovery studies have focused on neoplastic diseases, and there is currently only one study on the miRNAs of dogs with meningoencephalomyelitis of unknown origin [31] . In addition, miRNA profiles have been suggested to change with age, gender, and other environmental factors [32] . Due to its characteristics, such as breed propensity and adult late-onset, we considered DM to be the ideal disease target for discovering miRNA biomarkers. In addition, because miRNAs reflected pathological condition and are released in circulation with stable form such as microvesicles [18] , miRNAs in plasma have also demonstrated their potential as non-invasive biomarkers for a wide variety of diseases. Moreover, since a definitive diagnosis of DM may only be achieved by a histopathological examination, it is clinically important to develop a premortem diagnostic biomarker of DM.
In order to discover candidate miRNAs as diagnostic biomarkers of DM, we compared the plasma miRNA profiles of DM-affected PWCs, all of which were homozygotes of the A/A allele, with those of wild-type PWCs, all of which were homozygotes of the G/G allele. G/G homozygotes were used as wild-type controls because asymptomatic dogs carrying the homozygous A/A allele or heterozygotes are known to exhibit degenerative changes in their spinal cords [8] . Our results showed that 18 plasma miRNAs were differentially expressed in DM-affected PWCs. This difference in plasma miRNA profiles indicates a failure in the regulation of RNA metabolism in DM dogs. In order to further narrow down candidate miRNAs, we performed a pathway analysis to focus on genetic networks associated with SOD1 because the aggregation and accumulation of the mutant SOD1 protein in neurons and astrocytes have been suspected to play central roles in spinal cord degeneration [4, [6] [7] [8] .
Based on the results of the pathway analysis, miR-26b, miR-181a, and miR-196a were selected. TargetScan database suggested that miR-26b mediates APP transcription. Although the native biological roles of APP have remained elusive, APP have both neuroprotective and neurotoxic function [33, 34] . Our pathway analysis revealed that miR-26b and APP are upstream of the SOD1 expression cascade and may indirectly mediate SOD1 expression. In contrast, miR-181a and miR-196a, which are downstream of the cascade, may enhance SOD1 function. The constructed pathway also contained several inflammatory mediators. Since neuroinflammation may play roles in the pathomechanism of DM [25] [26] [27] [28] , candidate miRNAs may be related to neuroinflammation. If the molecular biological pathology of DM is clarified, we may be able to select miRNAs more directly connected to the molecular pathomechanisms of DM. The present study did not evaluate direct interactions between miR-26b and its putative target genes. However, our analysis is likely to simulate the actual interaction because we constructed the network using only putative target genes showing high affinity to each miRNA in an in silico analysis.
miRNA array-based and sequencing techniques are not sufficiently sensitive to detect many miRNAs with low concentrations in bodily fluids [16] . Therefore, potential biomarkers selected by an array-based analysis need to be confirmed by RT-qPCR in isolation. In order to validate the diagnostic accuracy of the selected miRNAs, we measured the plasma levels of candidate miRNAs in aged PWCs diagnosed with DM, healthy PWCs, and IVDH PWCs as disease controls. The results obtained suggested the increase of plasma miR-26b was associated with DM-affected dogs, whereas the plasma levels of miR-181a and miR-196a were not. In clinical settings, difficulties are associated with detecting DM if the dog has other concurrent spinal cord diseases. DM often coexists with IVDH. Our results showed that the plasma level of miR-26b has potential as a diagnostic biomarker of DM with high specificity. The sensitivity of plasma miR-26b alone was relatively low, however this can be improved by combining with other diagnostic tests with high sensitivity such as genetic testing of SOD1 mutation.
To the best of our knowledge, it has not been evaluated whether the plasma miR-26b may be the diagnostic biomarker of ALS patients. In previous reports, although miR-4649-5p, miR-4299 [35] , miR-424, miR-206 [36] , miR-206/miR-338-3p, miR-9/miR-129-3p and miR-335-5p/miR-338-3p [37] had a potential to be the plasma based biomarkers in ALS, there were no common miRNAs identified in our microarray study. Because these previous studies did not mention SOD1 genetic mutation, our study may have reflected the differences of pathological mechanisms between DM and ALS or the target genes of miR-26b in dogs and humans. Clarifying the pathological roles of plasma miR-26b in dogs may lead to elucidate underlying neurodegenerative mechanisms in DM.
Dogs with the mutant SOD1 allele do not always develop DM [12, 13] . Furthermore, dogs with not only the asymptomatic A/A allele, but also the A/G allele exhibit white matter degeneration [8] . Therefore, a genetic examination alone is not sufficient to diagnose DM. In the present study, the plasma level of miR-26b was significantly higher in the DM group than in the healthy control A/A group and A/G group. In contrast, miR-26b was not able to distinguish DM from the healthy control G/G allele. This discordance between the RT-qPCR array and individual RT-qPCR may have been caused by a small number of dogs with the G/G allele. In addition, because a positive correlation was found between the plasma level of miR-26b and DM staging, an RT-qPCR array, in which the samples used were classified as stage 3 or 4, may have overestimated the plasma level of miR26b in the DM group. This positive correlation suggested that the plasma level of miR-26b may reflect the progression and/or prognosis of DM. Our study had several limitations. The diagnosis of DM in the validation part of this study was not based on a histopathological examination, but on a pre-mortem clinical diagnosis. The PWCs in HC group did not have neurologic examinations and follow-up examination; therefore, it is not clear whether these dogs remain normal throughout their lifetime or develop DM later on. Furthermore, since this was a cross-sectional study, we were unable to demonstrate a relationship between temporal changes in miR-26b levels and DM stages. Dogs classified as healthy controls with miR-26b levels that exceeded the cut-off may develop DM later, in which case miR-26b may become a novel pre-symptomatic diagnostic biomarker of DM. Another limitation is that disease control was restricted to IVDH. It currently remains unclear whether other spinal cord diseases affect the plasma level of miR-26b. Moreover, the sample sizes in each group were small, particularly the G/G allele group, which did not show significant differences from other groups. However, dogs with G/G homozygosity do not develop DM, and thus, the genetic examination of SOD1 distinguishes DM from the G/G allele without using miR-26b.
